We restudied the morphological complex comprising the cyst-based species Spiniferites elongatus/ Spiniferites frigidus/Rottnestia amphicavata. We reviewed existing studies, and acquired new morphometric measurements of recent cysts from across the Northern Hemisphere, scanning electron microscopy (SEM) observations of cysts from Barents Sea surface sediments, and genetic analyses of cysts from the Beaufort Sea. The measurements suggest that populations and morphospecies cannot be distinguished based on morphometric criteria. Furthermore, sequential sediment trap samples from Hudson Bay reveal that morphological variation can occur at the same location over a few weeks, arguing against a uniform morphological response to environmental parameters. The SEM observations reveal a consistent gonyaulacacean tabulation (Po, 4 0 , 6 00 , 6c, 5 s, Ã 6 000 , 1p, 1 0000 ). The small and large subunit ribosomal RNA genes and the internal transcribed spacer sequences obtained from differing cysts from the Beaufort Sea with morphologies attributable to the complex, including forms that correspond to Rottnestia amphicavata, were all identical and conform to those of Gonyaulax elongata from the Orkney Islands. The molecular analyses thus support the conclusion that the morphological variability is not reflected genetically and occurs within one species. Based on arguments against the generic attribution of amphicavata to Rottnestia, the continuum between the extreme ends of the morphological range, and the molecular data, we suggest Rottnestia amphicavata to be conspecific with Spiniferites frigidus, and both to be junior synonyms of Spiniferites elongatus. The morphometric data further indicate that Spiniferites ellipsoideus, an elongate cyst from the Miocene, can also be considered a junior synonym of Spiniferites elongatus. It is recommended to use two informal types in census work (i.e. Spiniferites elongatus -Beaufort morphotype for morphologies formerly assignable to Spiniferites frigidus/Rottnestia amphicavata, and Spiniferites elongatus -Norwegian morphotype for cysts with strongly reduced processes) to separate specimens at both extreme ends of the morphological spectrum from typical specimens of Spiniferites elongatus.
Introduction
Elongate Spiniferites Mantell 1850 cysts constitute an important part of the modern dinoflagellate cyst (dinocyst) assemblages in sediments from the polar to temperate regions. Until now, four cyst species with an elongated central body have been defined from recent sediments: Spiniferites lazus Reid 1974 and Spiniferites elongatus Reid 1974 from intertidal sediment samples from the British Isles, Spiniferites frigidus Harland and Reid in Harland et al. 1980 , and Rottnestia amphicavata Dobell and Norris in Harland et al. 1980 , both from the Beaufort Sea in the Canadian Arctic. Spiniferites lazus can easily be distinguished from the latter three morphological types based on its characteristic fenestrate process bases, and is discussed elsewhere in this volume (Gurdebeke et al. 2018) . In addition, the elongate species Spiniferites ellipsoideus Matsuoka 1983 was defined from mid to upper Miocene sediments from Japan based on its shorter and wider cyst body with respect to Spiniferites elongatus (as recognised at that time). Matsuoka (1983) argued that Spiniferites ellipsoideus, whose stratigraphic range goes down to the Middle Miocene (Matsuoka et al. 1987; Kurita and Ishikawa 2009) or possibly the Early Miocene (Matsuoka and Bujak 1988) and has not been recorded from sediments younger than the Early Pliocene (Matsuoka et al. 1987; Williams et al. 1993) , might be an ancestral form of Spiniferites elongatus, which appeared during the Late Miocene together with Spiniferites frigidus (Matsuoka et al. 1987) . In contrast to these long-ranging species, Rottnestia amphicavata has only been identified in Holocene sediments (Fensome et al. 2008) .
The numerous observations of Spiniferites elongatus since its original description (see de Vernal et al. 2018 , for details on the distribution) have revealed that the species can display a large morphological variability, to such a degree that it is hard to draw a clear line between Spiniferites elongatus and Spiniferites frigidus/Rottnestia amphicavata (see section 2.2 below). Consequently, it is a fairly common practice, especially in hemispheric and global datasets (de Vernal et al. 2001 (de Vernal et al. , 2005 Marret and Zonneveld 2003; Zonneveld et al. 2013) , to group these three morphospecies as 'Spiniferites elongatus sensu lato' -a term that will also be used here when referring to the general cyst morphology of the three species. Consequently, the question arises whether these morphological forms indeed constitute three distinct species or rather reflect the highly variable cyst morphology of one motile species. A first clue was provided by culture studies with Spiniferites elongatus cysts of variable morphology from three different locations in the North Atlantic Ocean, namely off Nova Scotia, the Orkney Islands, and the English North Sea coast (Ellegaard et al. 2003) . Their culture studies revealed not only that the Spiniferites elongatus cysts all enclosed the same, until then undescribed, motile stage Gonyaulax elongata Ellegaard et al. 2003 , but also that established cultures can subsequently form cysts whose morphology is quite different from the one they originally germinated from. In addition, Ellegaard et al. (2003) partially determined the gene sequence coding for the large subunit ribosomal RNA of a strain established after the excystment of a cyst collected from surface sediment of the Orkney Islands. The motile cells that germinated from the cysts collected from offshore Nova Scotia produced Spiniferites frigidus-like cysts, but as this strain was short lived and did not produce many cysts or motile cells, they could not verify whether these constitute a separate species or conform to Spiniferites elongatus/Gonyaulax elongata from the Orkney Islands.
Here, we review the known morphological variability and suspected links with environmental parameters of Spiniferites elongatus, Spiniferites frigidus and Rottnestia amphicavata, followed by the results of newly obtained morphometric data from 66 recent elongate cysts from across the Northern Hemisphere and scanning electron microscopy (SEM) observations of 24 cysts recovered from Barents Sea surface sediments that cover the morphological spectrum displayed by this species complex. The visual examination of the morphological variability is complemented by genetic analysis on nine elongate cysts of varying morphologies isolated from surface sediments from the Beaufort Sea. The single-cell polymerase chain reaction (PCR) technique has been commonly used to explore phylogenetic patterns in dinoflagellate cysts (e.g. Bolch 2001; Matsuoka et al. 2006; Kawami et al. 2009; Matsuoka et al. 2009; Mertens et al. 2012b Mertens et al. , 2013 Gu et al. 2015) , and has the potential to determine whether displayed variability is intra-or interspecific based on genetic distances (Litaker et al. 2007 ). Thus, the molecular sequences of the nine cysts, based on genes coding for the small and large subunit ribosomal RNA (SSU and LSU rDNA) as well as the internal transcribed spacer (ITS rDNA), are used to determine the relevance of morphological traits at the species level, and to compare the genetic fingerprint of the Beaufort Sea cysts with that of Gonyaulax elongata from the Orkney Islands (Ellegaard et al. 2003) . We furthermore provide the emended description of Spiniferites elongatus. Also note that since only cyst and not theca morphological characteristics are discussed in this paper, the use of the prefix 'para-' is omitted.
Background

Original observations and descriptions
Spiniferites elongatus was formally described by Reid (1974) from recent coastal British sediments, after earlier, unspecified observations across the North Atlantic Ocean (e.g. Wall and Dale 1968; Harland and Downie 1969; see section 5) . Along with the typical elongate shape, the species is described as having two high, hollow, trumpet-shaped complex processes at the ventral side of the antapical plate, high sutural flanges at the apex, and septa of variable height between the processes. Furthermore, Reid (1974) remarks the posteriorly widening sulcus without observable sulcal plates and a short complex process at the anterior side of the sulcus, as well as short gonal processes around the cingulum.
A few years after the formal description of Spiniferites elongatus, the similarly elongate cyst species Spiniferites frigidus and Rottnestia amphicavata were described from (sub-)recent sediments from the Canadian Arctic Ocean by Harland and Reid and by Dobell and Norris, respectively, in Harland et al. (1980) . These two new species were distinguished from Spiniferites elongatus mainly by the development of the sutural membranes and septa: in Spiniferites frigidus, these are still variable in height, but conspicuous all over the cyst, sometimes completely including the processes, which are only discernible by their distal tips surmounting the crests in gonal positions. In Rottnestia amphicavata, the septa appear somewhat less developed but still conspicuous at the apex, and are particularly well developed at the antapex, where the 'antapical extension is elaborately folded delimiting two pericoels … separated from each other by an invagination of the periphragm … and connected to the exterior by a hydropyle' (i.e. a rounded opening) (Dobell and Norris in Harland et al. 1980, p. 219) . Dobell and Norris considered the presence of a pair of pericoels, i.e. cavities between the endophragm and periphragm, to be a characteristic feature of Rottnestia amphicavata. However, they also described Rottnestia amphicavata var. B that had no invagination of the periphragm, thus having only one large antapical pericoel, and Rottnestia amphicavata var. C that had no well-developed sutural crests and processes (Harland et al. 1980) . Dobbell and Norris (in Harland et al. 1980) further expressed that Rottnestia amphicavata differs from Spiniferites frigidus -and other Spiniferites species for that matter -in having three instead of four apical plates, in the details of the sulcal plates and in having a different shape of 6 00 and 1 000 . However, it needs to be pointed out that the 'flangy' nature of Rottnestia amphicavata can hamper the observation of the paratabulation, as was also noted by Stover and Evitt (1978) , who consequently suggested three or four apical plates in Rottnestia Cookson and Eisenack (1961).
Morphological variability across environmental domains
Already at the time of description, a continuous variation was noticed within and between the morphotype extremes of Spiniferites elongatus sensu lato (e.g. Harland et al. 1980, p. 222, p. 224) . As specific morphologies appeared to be more common in particular environments, it was suggested that the morphological variability might be geographically and/or ecologically controlled (e.g. Harland 1982 Harland , 1983 . This motivated Harland and Sharp (1986) to investigate, biometrically, the morphology of elongate cysts at three different settings in the northern North Atlantic Ocean: an estuarine locality in Scotland (i.e. Firth of Forth; sea surface salinity (SSS) ¼ 34, winter sea surface temperature (wSST) ¼ 3-5 C, summer sea surface temperature (sSST) ¼ 13-14 C), the Norwegian Sea (SSS ¼ 35-36, wSST ¼ 0-10 C, sSST ¼ 10-20 C), and the Barents Sea (SSS ¼ 32-34, wSST ¼ 0-5 C, sSST ¼ 0-10 C). Their observations appeared to confirm the original notions: specimens from the coastal British setting corresponded closely to the original description of Spiniferites elongatus from a similar setting, with morphological variability limited to the height and size of the sutural membranes. The cold-spectrum specimens from the Barents Sea had more strongly developed sutural membranes that often incorporate the processes, their distal tips sitting on top of the membranes. While Harland and Sharp (1986) refer to these specimens as Spiniferites elongatus, they had indeed been identified originally as Spiniferites frigidus by Harland (1982) . In addition, the specimens from the Norwegian Sea included a morphotype at the other end of the 'flamboyancy spectrum'. These specimens, referred to as Spiniferites cf. elongatus by Harland and Sharp (1986) , display reduced membranes and more conical, short to stout processes (see their pl. I, figs 11-14). Similar and even more strongly reduced Spiniferites cf. elongatus morphotypes have since only been observed and explicitly reported as such from last interglacial sediments from the Norwegian Sea (Van Nieuwenhove et al. 2008 ) (Plate 6). Harland and Sharp (1986) supported their qualitative observations with semi-quantitative analysis of cyst morphology, through measuring cyst width and length as well as membrane and process height. [Note that the values shown by Harland and Sharp (1986, their table 1) for 'antapical membrane length' are often nearly twice the highest values measured here for that parameter. As such, it seems that they measured the longest part of the antapical membrane, and not the central height in the middle of the membrane as done here.] While based on a fairly low number of measurements and consequently statistically inconclusive, cysts from the Norwegian Sea seem to be generally smaller and less membranous than those from the Barents Sea, with the typical Spiniferites elongatus cysts from the Scottish estuarine setting falling between the two ranges. Although cautious about making unsubstantiated conclusions, Harland and Sharp (1986) felt that it was possible, at least subjectively, to separate populations from the three geographic locations and, thus, differing environmental conditions.
No morphometric studies on elongate Spiniferites have been attempted since the work by Harland and Sharp (1986) . The considerable overlap in their plots suggests that morphometrics is an unlikely criterion for differentiating the three morphospecies, but also that, nonetheless, simple measurements might be useful in past environmental reconstructions, for instance through sample population scatter plots or frequency spectra (cf. Ellegaard 2000) . Indeed, it should be noted that a single morphology virtually never makes up the entire Spiniferites elongatus sensu lato population in a given area; rather, the proportions of the different morphologies that make up the total Spiniferites elongatus sensu lato population seem to change from one region to another. Mertens et al. 2009 Mertens et al. , 2011 Mertens et al. , 2012a Jansson et al. 2014; Sildever et al. 2015) . Alternatively to environmental steering, the relative increase of specific morphologies could also be a result of isolation and differentiation of distant populations.
Material and methods
Morphometric analysis
In order to expand the morphometric analysis initiated by Harland and Sharp (1986) to areas outside the northern North Atlantic, measurements were made on a total of 66 Spiniferites elongatus sensu lato cysts recovered from surface sediments from Hudson Bay (n ¼ 14); New England, USA (n ¼ 3); off Newfoundland, Canada (n ¼ 6); Omura Bay, Nagasaki Prefecture, Japan (n ¼ 2); the Alaskan coast (n ¼ 1); the Santa Barbara Basin, California, USA (n ¼ 1); the northern Bering Sea (n ¼ 7); and the Chukchi Sea (n ¼ 12); as well as sediment traps deployed in eastern (n ¼ 10) and western (n ¼ 5) Hudson Bay in November-December 2005, and eastern Hudson Bay in July 2006 (n ¼ 5). When orientation permitted, measurements were made of cyst width and length, antapical process length, and height of the antapical crest, as illustrated in Plate 2, figure 1. The measurements are shown in Table 1 . Apart from the Santa Barbara Basin (Pospelova et al. 2006) , New England (Pospelova et al. 2004) , and Hudson Bay assemblages (Heikkil€ a et al. 2014 (Heikkil€ a et al. , 2016 , the measured cysts belong to unpublished records. The palynological preparation protocol from the aforementioned publications was followed. Plate 1. Bright-field photomicrographs of the Spiniferites elongatus sensu lato cysts isolated from the Beaufort Sea that were used in the genetic analyses. The National Center for Biotechnology Information (NCBI) GenBank accession numbers associated to the specimens are KU358942 (cyst 1), KU358943 (cyst 2), KU358944 (cyst 3), KU358945 (cyst 4), KU358946 (cyst 5), KU358947 (cyst 6), KU358948 (cyst 7), KU358949 (cyst 8), and KU358950 (cyst 9). Scale bars ¼ 10 lm.
Plate 2. Bright-field photomicrographs of Spiniferites elongatus from off Newfoundland (1-2, 3, 4-5, 6-7) and the Alaskan Coast (8-9). The lines in figure 1 indicate how cyst morphometrics were measured. a ¼ cyst length, b ¼ cyst width, c ¼ antapical process length, d ¼ antapical membrane height. Scale bars ¼ 10 lm.
Plate 3. Bright-field photomicrographs of Spiniferites elongatus from Chukchi Sea. 1-3. Dorsal, optical section, and ventral view of a specimen with a high membrane between the two dorsal antapical processes. 4-5. Specimen illustrating the unequal development of the dorsal antapical processes. 6-9. Further illustration of the morphological variability of specimens in a single assemblage. Scale bars ¼ 10 lm. Plate 5. Bright-field photomicrographs of Spiniferites elongatus sensu lato from New England (1, 2, 3), Omura Bay, Japan (4, 5), and the Bering Sea (6-9). While the specimens shown in figures 7-9 are good examples of Spiniferites elongatus -Beaufort morphotype, the specimens shown in figures 4-6 illustrate morphologies somewhat intermediate between typical Spiniferites elongatus and the Beaufort morphotype. Scale bars ¼ 10 lm.
Plate 6. 1-6. Dual interference photomicrographs (1-4) and scanning electron micrographs (5, 6) of Spiniferites elongatus -Norwegian morphotype, from late Pleistocene (Marine Isotope Stage 5e) sediments from the Vøring Plateau, Norwegian Sea. 7-9. Newly produced photomicrographs of the Miocene specimen from Japan that had been designated the holotype of Spiniferites ellipsoideus, herein considered a junior synonym of Spiniferites elongatus. Figures 7-9 courtesy of Kazumi Matsuoka, with kind permission. Scale bars ¼ 10 mm. The core was cut into 1-cmthick slices and stored in a refrigerator before standard palynological preparation, as follows: After determining the wet and dry weight, $4 cm 3 of sediment was treated with cold 10% hydrochloric acid (HCl) for 24 hours. The residue was then wet sieved to recover the fraction between 15 mm and 125 mm, which was subsequently treated with cold 40% hydrofluoric acid (HF) for 48 hours, and, after a short round of ultrasonication, sieved again through a sieve with a mesh (Reid 1974) , and the average (black Greek cross) and range (black thickened axes) of the cysts measured by Ellegaard et al. (2003) , as well as the cyst width and length of the holotype of Spiniferites ellipsoideus (black square) and its type assemblage (grey shaded area) (Matsuoka 1983 diameter of 15 mm. No oxidation was performed. Single specimens were picked from the residue under an inverted microscope with a micropipette into 0.2-mL tubes containing distilled water. The tubes were filtered using polycarbonate membrane filters (Millipore GTTP Isopore, 0.22 mm pore size, Millipore, Billerica, MA, USA), rinsed in deionised water and air dried. After gold-coating, the examination was performed using a FEI Quanta 200 scanning electron microscope with an electron acceleration of 2.5 to 5 kV at IFREMER (Brest, France). The Kofoid System is used for plate labeling.
Cyst observation and micrographic documentation
Cyst isolation for molecular analyses
Living dinoflagellate cysts were isolated for molecular analyses from surface sediment samples collected on 1 September 2014 from the Beaufort Sea (Table 2 ) onboard the IBRV Araon during the ARA05C cruise. The surface sediment was retrieved with a boxcore and stored in the dark at 4 C until further analyses. To concentrate living dinoflagellate cysts, 1 to 2 cm 3 of sediment was sonicated for 5 min in filtered seawater and sieved through 100 lm and 20 lm Nytex meshes. The 20-100 lm fraction was then transferred to a 100-mL beaker with filtered seawater. A manual vortex was applied and the suspended fraction was recovered. This fraction was then sonicated once more for 5 min and rinsed on the 20-lm Nytex mesh with filtered seawater to further rinse the cyst fraction.
The residue was observed with an Olympus IX73 inverted transmitted light microscope (Tokyo, Japan). Nine live cysts attributable to Spiniferites elongatus sensu lato were recovered from the sediment; their size and process length, and the extension of the sutural crests, vary from almost no ornamentation (Plate 1, figure 1) to morphotypes whose morphology corresponds to the description of Spiniferites elongatus/Rottnestia amphicavata (Plate 1, figures 7-9). The cells were transferred individually into a drop of filtered seawater framed by vinyl tape on a glass microscope slide, and sealed by applying silicon grease on the vinyl frame and covering the latter with a coverslip (modified from Horiguchi et al. 2000) . Each cyst used in molecular analyses was photographed to record its morphological features (Plate 1).
Single-cyst rDNA sequencing and phylogenetic analyses
The living cysts were then washed in three drops of Milli-Q V R Direct 8 water (EMD Millipore, Darmstadt, Germany) and broken with a glass micropipette. Drops containing cellular contents were then placed in microtubes and amplified directly. Amplicons of the SSU rDNA, ITS rDNA, and LSU rDNA regions were obtained following nested PCR protocols. The first PCR round final mix concentrations were as follows: 1X PCR Ex Taq buffer (Takara Bio Inc., Seoul, Korea), 0.2 mM of dNTP (Takara Bio Inc., Seoul, Korea), 0.4 mM of each primer, and 0.025 U mL À1 of Ex Taq DNA polymerase (Takara Bio Inc., Seoul, Korea). EUKA and 28-1483 R primers (Medlin et al. 1988; Daugbjerg et al. 2000) were used in the first round of PCR to amplify the SSU rDNA, ITS rDNA, and LSU rDNA in a final volume of 50 mL. PCR was conducted using a thermal cycler (Takara Bio Inc., model TP350, Australia, Victoria) as follows: one activation step at 95 C for 2 min, followed by 35 cycles at 95 C for 20 s, 50 C for 40 s, and 72 C for 4 min 30 s, and a final elongation step at 72 C for 10 min. A volume of 1 mL of the first PCR step was used as template for the second PCR round using the same mix. Individual reactions in a final volume of 50 mL were produced with these primer pairs and their corresponding annealing temperature (AT): EUKA and G23R (AT ¼ 50 C), G19F and G18R (AT ¼ 51 C), G17F and 5.8SR (AT ¼ 51 C), G22F and 5.8SR (AT ¼ 53 C), ITSF2 and ITSR2 (AT ¼ 54 C), 5.8SF and LSUB (AT ¼ 51 C), and LSU500F and 28-1483 R (AT ¼ 53 C) (Medlin et al. 1988; Daugbjerg et al. 2000; Litaker et al. 2003) . The second round of PCR consisted of one activation step at 95 C for 2 min, followed by 35 cycles at 95 C for 20 s, AT for 40 s and 72 C for 1 min, and a final elongation step at 72 C for 5 min.
Positive and negative controls were used for all amplification reactions. The size of the amplicons was verified on a 1.0% agarose gel. Products were visualised under a UV lamp. The PCR products were purified using the Doctor Protein MGTM PCR SV DNA purification kit (MGmed, Inc., Seoul, Korea) according to the instructions of the manufacturer. The purified PCR products were sent to Macrogen Inc. (Seoul, Korea) where they were sequenced on an ABI PRISM V R 3700 DNA Analyzer (Applied Biosystems, Foster City, CA, USA) with the primers used in the second round of PCR. The sequence fragments were assembled by manual alignment using BioEdit v. 7.0.9.0 (Hall 1999) . The sequences obtained from the cysts were deposited in National Center for Biotechnology Information (NCBI) GenBank under the accession numbers KU358942 to KU358950. The sequence of Gonyaulax elongata from Kirkwall Bay, Orkney Islands, Scotland, United Kingdom (Ellegaard et al. 2003) , obtained from NCBI GenBank under the accession number AY154964 was used for comparison with our new sequences. Only four sequences out of nine of Spiniferites elongatus sensu lato from the Beaufort Sea were fully comparable to the partial LSU rDNA sequence from the Orkney Islands encompassing 1348 nucleotides.
The sequences of taxa used to construct the phylogenies were also obtained from NCBI GenBank. Our new and reference sequences were aligned using CLUSTAL X v. 2.0 (Larkin et al. 2007 ). The alignment was inspected and refined manually using BioEdit v. 7.0.9.0 (Hall 1999) . The aligned matrix covers most of the LSU rDNA from domains 1 to 4 as defined by Lenaers et al. (1989) for Prorocentrum micans Ehrenberg 1834. However, a highly divergent region between domains 2 and 3 was partially removed because a reliable alignment was not always possible. Furthermore, based on the alignment, it was possible to include only five sequences obtained from the Beaufort Sea without reducing the length of the alignment. The TIM3 þ G model of nucleotide substitution was selected by jModelTest v. 2.1.10 (Darriba et al. 2012) based on the corrected Akaike information criterion. The parameters for the model were as follows: assumed nucleotide frequencies A ¼ 0.2879, C ¼ 0.1762, G ¼ 0.2657, and T ¼ 0.2702; substitution rate matrix with G-T ¼ 1.0000, A-C ¼ 0.6214, A-G ¼ 2.6837, A-T ¼ 1.0000, C-G ¼ 0.6214, C-T ¼ 6.0515; proportion of invariable sites ¼ 0.0000 and rates for variable sites assumed to follow a gamma distribution with shape parameter ¼ 0.4450. The matrix was then analysed with PhyML v. 3.1 (Guindon et al. 2010) with the model previously selected to determine the maximum likelihood (ML) tree and to calculate the ML bootstrap values with 1000 replicates.
The matrix was also analysed with MrBayes v. 3.2.3 (Ronquist and Huelsenbeck 2003) for Bayesian analyses. The model previously selected by jModelTest v. 2.1.10 was used. Four independent Markov chain Monte Carlo simulations were run simultaneously for 2,000,000 generations. Trees were sampled every 1000 generations and the first 800 trees were deleted to ensure that the likelihood had reached convergence. A majority-rule consensus tree was created from 
Results and discussion
Morphometry of the Spiniferites elongatus complex
The limited dataset of measurements presented here reveals important overlap between specimens from the different regions in all recorded morphometric parameters ( Figures  1-5) . Thus, geographical populations cannot be distinguished unambiguously based on morphometric parameters. The few 'Pacific' specimens from the Santa Barbara Basin and the Alaskan Coast that were measured (four) appear to be somewhat smaller and, particularly, narrower ( Figure 1B ), albeit this does not result in differences in general morphology (e.g. elongateness, Figure 4B ) and more data are obviously needed to assess whether the size difference is statistically significant. Similarly, the smaller size of Spiniferites ellipsoideus (Plate 6, figures 7-9) as a distinguishing character (Matsuoka 1983 ) does not appear a valid criterion to separate Spiniferites ellipsoideus from Spiniferites elongatus sensu lato, as there is considerable overlap in the size spectrum of the type population of Spiniferites ellipsoideus and that of the modern Spiniferites elongatus sensu lato populations ( Figure 1A) .
Specimens from the Arctic shelf seas (Chukchi and Bering Sea) appear to be situated at the higher end of the 'flanginess' spectrum (crest height and process length), and the lower latitude specimens (Santa Barbara Basin, Omura Bay) are situated at the opposite end (Figure 3 ). This is also illustrated by the frequency distribution diagrams, which show that the Chukchi and Bering Sea populations appear to have (slightly) longer antapical processes and crests with respect to the total dataset ( Figure 6C,D) . Interestingly, specimens from the Barents Sea shelf also appear to be characterised by generally longer antapical processes ( Figure 2B ; Harland et al. 1980 ; note that those authors measured the antapical crest height differently, impeding comparison with our data). Hence, it would appear that there is a possible environmental control on the cyst morphology. However, the sediment trap data from Hudson Bay show that a wide range of morphologies are produced over a short period of relatively stable conditions (Figures 1-5 ; Plate 4), thus arguing against a straight-forward, (semi-) quantitative relationship between cyst morphology and sea surface parameters. Furthermore, despite environmental resemblance to the Arctic shelf seas, the measurements from the Alaskan coast and Hudson Bay are not clearly separated from those of the more southern sites (Figures 1-5 ).
Beaufort Sea cyst sequences and relation to Gonyaulax elongata
The sequences obtained from the nine cysts isolated from surface sediments from the Beaufort Sea were variable in length, ranging from 2815 to 3612 nucleotides. They contained a portion of the SSU rDNA, the complete hypervariable ITS rDNA, and a portion of the LSU rDNA. The sequences were all identical, with the exception that the sequence of cyst E (KU358946) contained two locations within the ITS rDNA where the identification of the nucleotide was ambiguous. While different nucleotides were possible at these locations, the nucleotide present on all other sequences was part of the ambiguity. Therefore, this sequence was not differentiable from the sequences of other cysts. The variability in morphology of the wild cysts attributable to Spiniferites elongatus sensu lato from the Beaufort Sea was not reflected in the genetic analyses. The stability of the ITS rDNA between morphotypes attributable to Spiniferites elongatus sensu lato suggests that the morphological variability observed is intraspecific (Litaker et al. 2007) for the specimens of the Beaufort Sea and highlights the presence of such variability within Spiniferites elongatus sensu lato. Therefore, the genetic data in combination with the continuum that appears to exist between the extremes of the morphological spectrum suggest that morphotypes that correspond to the criteria describing Spiniferites frigidus and Rottnestia amphicavata should also be considered Spiniferites elongatus from a geological point of view, or cysts of Gonyaulax elongata from a biological point of view (also see section 5 below). Only three out of 1348 nucleotides of the LSU rDNA (i.e. 0.2%) differentiated the Beaufort Sea cyst sequences from the sequence of Gonyaulax elongata of the Orkney Islands, Scotland, United Kingdom (Ellegaard et al. 2003) . These differences are minor as reflected by the phylogenetic analyses that fully support (bootstrap value: 100%; posterior probability: 1.00) the relationship between Gonyaulax elongata from the United Kingdom and Spiniferites elongatus sensu lato from the Beaufort Sea (Figure 7 ), and contrast with the long branches that separate different species within the genus Gonyaulax Diesing 1866 (Ellegaard et al. 2003; Mertens et al. 2015) . The minor genetic differences observed between specimens of various locations might be representative of ecotypes within Spiniferites elongatus sensu lato. However, further analyses of specimens covering the global distribution of the species are required to conclude to the presence of genetically distinct geographic varieties and possibly cryptic diversity within Spiniferites elongatus sensu lato.
Systematic palaeontology
Division DINOFLAGELLATA (B€ utschli 1885) Fensome et al. 1993 , emend. Adl et al. 2005 Class DINOPHYCEAE Pascher 1914 Subclass PERIDINIPHYCIDAE Fensome et al. 1993 Order GONYAULACALES Taylor Ellegaard et al. 2003. When the biological relationship between the cyst taxon Spiniferites elongatus and the then newly identified motile stage referred to as Gonyaulax elongata was revealed by Ellegaard et al. (2003) , these authors proposed Spiniferites elongatus to be a basionym of the latter, and the cysts to be referred to as 'cyst of Gonyaulax elongata', following nomenclatural rules and scientific practice in place at that time. Indeed, the morphological and genetic observations made here and previously (Ellegaard et al. 2003) fully support the use of the taxonomic entity 'Gonyaulax elongata' to refer to all life stages of this dinoflagellate in modern and sub-recent material. But while the modern relationship between the motile and cyst stage is unambiguous, it can be questioned whether this cyst-theca relationship goes all the way back to the Miocene, or if the cyst morphology has 'evolved' on one or several occasions -something that might be deduced from a detailed inspection (beyond the scope of this study) of the stratigraphic continuity of Spiniferites elongatus since its first appearance. Furthermore, in the appraisal of evolutionary pathways, it is important to stress that the genus Gonyaulax is not equivalent to the cyst-based genus Spiniferites attached close to the centre of plate areas, the place of attachment appearing as an oval line on each plate. Septae [sic] varying in height from high complex processes at the antapex, high sutural flanges at the apex and low simple gonal processes in the girdle zone. Girdle displaced by its own width. Sulcus aligned parallel to the longitudinal axis increasing to three times its anterior width posteriorly' (Reid 1974, p. 602) . Emended diagnosis. Elongate Spiniferites cysts, appearing ellipsoidal in dorso-ventral view and circular in polar view. The exclusively gonal tapering processes are typically shorter in the cingular area and typically longer towards the antapex. Specimens with reduced processes can have them of about equal length. The processes are joined by claudate (i.e. distally closed) sutural septa of variable height, ranging from low rudimentary sutural crests to muri equally high as the adjoining process stems. The body wall is composed of two layers, and detachment of the tegillum (i.e. outer layer) from the pedium (i.e. inner layer) at the sutures causes suturocavation under the proximally hiate (i.e. open near to the cyst) septa. Extreme detachment of the tegillum and pedium at plate intersections in the apical and, particularly, antapical regions can induce circumcavation. In such case, this creates hollow process shafts that appear arch-like when seen in the optical section from a dorso-ventral view. The tegillum is smooth, very slightly uneven (shagreenate to scabrate) to microgranular; the pedium is smooth. Cingulum displaced by less than 1 to up to 2 times its own width, without overlap. Sulcus widens posteriorly. Saphopylic archaeopyle formed through the loss of plate 3 00 . The tabulation is consistent and typical gonyaulacacean, with the Kofoidian plate formula following the homologue approach: Po, 4 0 , 6 00 , 6c, 5 s, Ã 6 000 , 1p, 1 0000 .
Emended description. The cyst has an elongated shape that is typically ellipsoidal, but it can appear more cylindriform especially in heavily ornamented and membranous specimens (e.g. Plate 3, figures 1-5). The cyst appears circular in polar view. SEM observations show that the paratabulation (Po, 4 0 , 6 00 , 6c, 5 s, Ã 6 000 , 1p, 1 0000 ) is of the standard gonyaulacacean type, with the first postcingular plate (1 000 ) absorbed in the sulcal plate series following the homologue approach (Fensome et al. 1993 ) (Plate 8; see also fig. 20 in Ellegaard et al. 2003) . The sulcus widens towards the antapex, and plates as, ras, ls, rs, and ps are reflected to varying degrees but difficult to observe even under SEM (Plate 8). Often they are more clearly expressed when the crests are more elevated. There are four apical plates, with the suture between 1 0 and 4 0 often faint but (under SEM) always visible (Plate 7). Under SEM, the reflection of the ventral pore between 1 0 and 4 0 can be observed ('a' in Plate 7), and the apical pore complex is indicated by a single process with a swollen base ('b' in Plate 7). There are six precingular plates with 1 00 , 3 00 , 5 00 'penta' and 2 00 , 4 00 , 6 00 'quadra', with 6 00 subtriangular, long and narrow (Plates 7-8). The six cingular plates are arranged as documented previously by Ellegaard et al. (2003) . The archaeopyle is reduced, saphopylic and formed through the loss of plate 3 00 (e.g. Plate 9, figure 2). The height of the septa that connect the exclusively gonal processes can vary between specimens and on one individual. The septum height usually increases towards the processes, but can also be more or less equal all along the suture, giving those specimens a particularly membranous appearance. The highest septum is typically located at the junction of Ã 4 000 and 1 0000 . Similarly, the length of the processes varies, and they are usually shortest in the cingular area and longest at the antapex. The processes have trifurcate endings with more or less well-developed bifid tips, except for the processes located on the ventral antapical side which show different degrees of fusing of adjacent processes and hence multifurcate distal ends (Plate 10), and the process at the apex which is bifurcate (Plate 7). When the processes are short, their length is more uniform and the distal endings can be reduced to pointy or blunt, bulbous forks. In such cases of significant reduction of the processes, the bulbous endings appear to be sitting on top of the crests of the septa and are the only indication for the presence of processes (Plate 6). When the processes are long and well developed, the antapical processes can appear subconical rather than tapering, and somewhat trumpet shaped at 1p/ Ã 3 000 /1 0000 and Ã 5 000 / Ã 6 000 /1 0000 . Both the dorsal and ventral antapical processes can be hollow and open distally, with tiny perforations or large openings, depending on the elevation of hollow sutures (Plate 10; see also figs 23 and 27 in Ellegaard et al. 2003) . The wall is composed of two layers, and cavation occurs through the detachment of the pedium (i.e. inner layer) and the tegillum (i.e. outer layer) at both the plate sutures and triple junctions (e.g. Plate 2, figure 6 ). The penitabular contact between the pedium and tegillum is often readily seen as a discrete line on several plates and gives the latter a rounded appearance. The contact can be very close to the sutures, resulting in only little suturocavation and apparently more rigid septa, or can be located farther towards the interior of the plates, resulting in an elaborate drape-like appearance (Plates 7-10). Very pronounced cavation can occur apically under the process and, particularly, antapically along the 1p/1 0000 , Ã 3 000 /1 0000 and Ã 5 000 /1 0000 sutures. Occasionally the cavation also includes the 1p/ Ã 3 000 and Ã 6 000 / 1 0000 , or even up to the Ã 2 000 / Ã 3 000 sutures (see, for instance, fig. 2J in Harland et al. 1980) . When seen in optical section, the pronounced antapical cavities formed in this way can be equal or different in size, and look like an inverted, open arch (e.g. Plate 5, figure 4) . The tegillum and pedium always stay in contact near the middle of plate 1 0000 .
Dimensions. Holotype: body width 30 mm and length 49 mm; antapical process length 13 mm; apical process length 6 mm; lateral process length 9 mm. Topotypes: 15 specimens measured by Reid (1974) : range of body width 26-40 mm; range of body length 42-59 mm; antapical process length 12-16 mm; apical process length 6-12 mm; lateral process length 5-9 mm. Ranges from this study: body length 42 (53) 64 mm, body width 23 (32) 41 mm, 66 specimens measured; antapical process length 5 (13) 22 mm, 65 specimens measured; antapical crest height, 2 (6) 12 mm, 55 specimens measured. See also Table 2 . Comparison. Specimens where the processes are short and strongly reduced, or nearly completely integrated into the high sutural septa, might appear similar to some Impagidinium Stover and Evitt 1978 species (e.g. Impagidinium aculeatum (Wall 1967) Lentin and Williams 1981) , but can be distinguished from the latter by the pointy or blunt distal process terminations sitting on top of the crests of the septa and indicating the presence of processes in such Spiniferites elongatus specimens (e.g. Plate 3, figure 8, and Plate 6). Remarks with respect to the original descriptions. The presence of a slight apical boss was mentioned for Spiniferites frigidus by R. Harland and P.C. Reid (in Harland et al. 1980 ) but was not seen in any of the specimens observed by the authors of the present paper. Even though it was not explicitly stated in the original description of Spiniferites elongatus (Reid 1974) , the processes on this species appear to be exclusively gonal. The presence of 'strengthening rods that appear to support the multifurcate
[process] tips' (Reid 1974, p. 603 ) cannot be confirmed by our observations. It should be further noted that only since the revision of the Kofoidian tabulation by Evitt (1985) did the gonyaulacoid concept with six postcingular plates, with Plate 9. 1-4. Scanning electron micrographs of lateral and dorsal views of four different specimens of Spiniferites elongatus from the Barents Sea with significant variation in the elevation of sutural crests, showing the position of sulcal plate boundaries and a reduced archaeopyle corresponding to 3 00 . Scale bars ¼ 10 mm.
the first postcingular plate often incorporated into the sulcus, become established. This is indeed the case for Spiniferites elongatus (Plate 8; Ellegaard et al. 2003, their fig. 20 ) and therefore the designated number of each of the postcingular plates identified by Reid (1974) should be 'shifted' one number up. Thus, the plates that were originally named 2 000 , 3 000 , 4 000 and 5 000 are now referred to as Ã 3 000 , Ã 4 000 , Ã 5 000 and Ã 6 000 following the Kofoidian tabulation system. Consequently, the two hollow trumpet-shaped processes observed by Reid (1974) are located at Ã 6 000 / Ã 5 000 /1 0000 and 1p/ Ã 3 000 /1 0000 , while the 'high membranous septae [sic] joining two stout simple processes' (Reid 1974, p. 603 Discussion. When the elongate species Spiniferites ellipsoideus was originally described, it was differentiated from Spiniferites elongatus based on its shorter and wider cyst body (Matsuoka 1983) . However, this distinguishing criterion is no longer tenable given the considerable size overlap between the type population of Spiniferites ellipsoideus and modern populations of Spiniferites elongatus. Hence, Spiniferites ellipsoideus has to be considered a junior synonym of Spiniferites elongatus, as suspected earlier by Williams et al. (1993, p. 23 ( Matsuoka and Bujak 1988) . Based on the data currently at hand, Rottnestia ovata is not considered to be conspecific with Spiniferites ellipsoideus and, thus, Spiniferites elongatus. Arguably, Rottnestia ovata might represent an ancestral form of Spiniferites elongatus. As mentioned in section 2.1, Dobell and Norris (in Harland et al. 1980) assigned Rottnestia amphicavata to the genus Rottnestia based on the presence of apical and antapical pericoels, but at the same time they also assigned varieties lacking these pericoels to the genus, leaving some confusion about their application and interpretation of a pericoel as criterion to justify this assignment.
Strictly speaking, cavities that result from spot detachment between the pedium and tegillum under the bases of processes or sutural features constitute pericoels. However, as applied in the original description of Rottnestia and its type species Rottnestia borussica (Eisenack 1954) Cookson and Eisenack 1961, both the apical and antapical pericoels extend across the entire plate(s). Thus, cysts belonging to Rottnestia are typically bicavate, with the tegillum completely detached from the pedium in the apical and antapical area. This does not seem to be the case in amphicavata: here, the apical pericoel 'occurs under the process which is present at the junction of plates 1 0 , 2 0 and 3 00 … ' (Dobell and Norris in Harland et al. 1980, p. 219) , and the tegillum stays in contact with the pedium in the middle of plate 1 0000 , i.e. at the site of the 'funnel-like invagination of the periphragm' (Dobell and Norris in Harland et al. 1980, p. 219 ) (cf. Plate 1, figure 8, Plate 4, figure 7 and Plate 5, figure 4 ). As such, the 'hydropyles', interpreted by Dobell and Norris to connect the pericoel to the exterior through an opening in the processes, do not represent openings but the triple junction of the septa at Ã 3 000 / Ã 4 000 /1 0000 (on the left side of the cyst) and Ã 4 000 / Ã 5 000 /1 0000 (not Ã 2 000 / Ã 3 000 /1 0000 as originally identified, on the right side of the cyst). Thus, the apical and antapical cavities represent welldeveloped suturocavations that are restricted to the sutural area; they do not represent true pericoels as used in the definition of Rottnestia. Adding the absence in Rottnestia amphicavata of an apical cylindrical or conical horn ascribed to the genus (Cookson and Eisenack 1961), the above reasoning argues against the generic attribution to Rottnestia on the basis of the nature of the cavation in these morphologies, which can be accommodated in Spiniferites (cf. Evitt 1985, p. 228) . Further taking into account the morphological continuum between typical Spiniferites elongatus (sensu Reid 1974) and morphotypes ascribed to Spiniferites frigidus and Rottnestia amphicavata, the latter two species are considered junior synonyms to Spiniferites elongatus. Consequently, we also argue that cysts that have been identified as Rottnestia amphicavata possess four apical plates, and that this could not be observed clearly in earlier studies because of the high sutural septa in combination with the often very faint appearance of the suture between 1 0 and 4 0 (see above).
Taxonomic implications and recommendations
Based on the results presented here, we make the following suggestions:
(1) The amphicavata morphology does not conform to the generic criteria that define Rottnestia, and its morphological characteristics represent the extreme end in a continuum from 'typical' Spiniferites elongatus (sensu Reid 1974) towards more pronounced septal development and circum-suturocavation. Those extreme features can be accommodated in the genus Spiniferites and are expressions of the intraspecific variability within Spiniferites elongatus, as supported by the molecular data. Consequently, we consider Rottnestia amphicavata and Spiniferites frigidus to be conspecific -as already suggested by Bujak (1984) -and these two morphological variants as junior synonyms of Spiniferites elongatus.
(2) The morphological measurements fail to establish a significant relation between the morphology of Spiniferites elongatus sensu lato and environmental conditions. However, as limited quantitative data are currently available, we recommend the use in palaeoenvironmental studies of two informal cyst types along with Spiniferites elongatus sensu stricto to differentiate specimens situated at the extreme ends of the morphological spectrum. The first suggested type, to be referred to as 'Spiniferites elongatus -Norwegian morphotype', includes specimens with strongly reduced processes bearing short, blunt terminations that sometimes simply seem to sit on top of the sutural septa and as such are the only indication of the presence of processes (e.g. Plate 6). This type includes the specimens first described from the Norwegian Sea by Harland and Sharp (1986) and referred to by them as Spiniferites cf. elongatus. The second type, 'Spiniferites elongatus -Beaufort morphotype', distinguishes the more flamboyant forms with strongly developed sutural septa from typical Spiniferites elongatus cysts, and refers to the morphological features first encountered in specimens from Beaufort Sea surface sediments that led to the description of Spiniferites frigidus and Rottnestia amphicavata by Harland et al. (1980) . However, the morphological continuum makes it difficult to define a clear cut-off criterion for the Spiniferites elongatus -Beaufort morphotype. To reduce observer bias, we suggest the invagination of the antapical crest in between the antapical processes as a semiquantitative tool in the assessment of the overall 'flanginess' of a specimen; thus, specimens with long antapical processes can be identified as Spiniferites elongatus -Beaufort morphotype when the antapical crest height exceeds half the length of the antapical processes.
(3) Census analyses should ideally be combined with morphometric analyses, for instance through the measuring of cyst width and length, antapical process length, and the height of the apical and antapical membranes. Eventually, this type of data could be used to establish, or refute the existence of, a (semi-)quantitative relation between cyst morphology and sea surface parameters.
